Sequence analysis of the Helicobacter pylori major sigma factor (RpoD) shows that it is highly divergent, which may be related to the marked diversity of the H. pylori chromosome. Furthermore, the rate of divergence of RpoD among other gram-negative bacteria is much greater than that among gram-positive bacteria. This suggests that RpoD from gram-negative bacteria is functionally less constrained than that from gram-positive bacteria.
The molecular clock hypothesis states that the rate of molecular evolution for a homologous set of proteins or nucleotide sequences is constant among different lineages (25) . In general, slowly evolving proteins are under greater functional constraint than are rapidly evolving proteins. Since functional constraint is set by molecular interactions inside cells that are more or less the same in different organisms, rates of divergence appear the same. This hypothesis has surprisingly broad descriptive power. In rare cases where highly unequal evolutionary rates are seen, idiosyncratic molecular processes may be revealed (2) . In the current paper we report the sequence for Helicobacter pylori RpoD, which shows that (i) the rate of evolution of H. pylori RpoD is unusually fast, and (ii) the rate of evolution of RpoD from other gram-negative bacteria, while not so fast as for H. pylori, is greater than for gram-positive bacteria.
H. pylori is a microaerophilic gram-negative rod that was first cultivated from human gastric epithelium in 1983 (12) and subsequently has been linked to the development of peptic ulcer disease (7) and gastric malignancy (15) . Although a number of H. pylori genes have now been cloned and sequenced, little is known about its gene regulation. The subunit of bacterial RNA polymerase is important in gene regulation because of its role in the specificity of promoter recognition. Amino acid alignment of the 70 family shows that it consists of group 1, or primary factors; group 2, which includes factors not essential for exponential growth; and group 3, the alternative factors that fall into functional subgroups and diverge significantly from groups 1 and 2 (11) . We sought to identify a factor from H. pylori. We focused on groups 1 and 2 because of their extensive homology and because of our interest in growth-phase gene regulation.
We designed degenerate oligonucleotides (TGAATTCATH MGIGCIGTIGARAARTT and TGAATTCATYTGICKIACI CKYTCICKIGT, 5Ј to 3Ј) to conserved areas of regions 2.2 (IRAVEKF) and 4.2 (TRERVRQI) of group 1 and 2 factors (11). An EcoRI restriction site (underlined) was included at the 5Ј end of each primer, and inosine (I) was used in positions of high degeneracy. The primers were used to amplify (94°C for 30 s, 48°C for 90 s, and 72°C for 30 s for 35 cycles) chromosomal DNA from H. pylori ATCC 43504 under standard buffer conditions. The expected 564-bp fragment was observed and cloned into pSKϪ (Stratagene). Preliminary sequence analysis confirmed that it represented a group 1 factor. The 564-bp insert was labeled by the random primer method (Amersham) and used to probe a cosmid bank (a gift from A. Labigne) of H. pylori 85P (10) under high stringency. An approximately 2.8-kb EcoRI-BamHI fragment from a positive cosmid was subcloned into pSKϪ (designated pJAY010) and sequenced completely on both strands by using an ABI 377 automated DNA sequencer.
The nucleotide sequence and two open reading frames from the insert in pJAY010 are shown in Fig. 1 . The guanine-pluscytosine content of the sequence was 38.6%, similar to the 37% described for H. pylori (6) . An open reading frame with 680 residues and a predicted molecular mass of 78.7 kDa was found that was closely related to a variety of primary factors (Fig. 2) . Three highly conserved regions involved in promoter recognition are indicated in Fig. 1 : the RpoD box, which overlaps the Ϫ10 recognition site; a conserved 20-mer which overlaps the Ϫ35 recognition site; and a conserved 14-mer just downstream of the RpoD box. This sequence likely represents the H. pylori primary factor, which we designate H. pylori RpoD.
Because we were interested in whether there might be other group 1 homologs of H. pylori RpoD, we probed a chromosomal digest of H. pylori 43504 with the H. pylori rpoD gene under low stringency (2ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 40°C hybridization, and wash without formamide). No additional bands were found. We also probed with a degenerate oligonucleotide for the RpoD box that has previously been used to identify multiple group 1 factors (20) . No bands were detected other than the previously identified rpoD gene. These results suggest that H. pylori does not have additional group 1 factor homologs.
Upstream of H. pylori rpoD is a partial open reading frame whose product is 47% identical to the Pfs protein in Escherichia coli (24) and 44% identical to a homolog identified in Haemophilus influenzae (4) . Although no function is known for this protein, it has been suggested based on sequence homology that the E. coli Pfs protein is part of a family that includes bacterial and plant stress-induced nucleosidases (13) . The location of this gene upstream of H. pylori rpoD is surprising, VOL. 179, 1997 NOTES 6197
since in a broad range of bacteria rpoD is part of a macromolecular synthesis operon with a DNA primase gene, dnaG, immediately upstream of rpoD (21) . Confirmation that this upstream sequence encodes a homolog of Pfs and not DnaG will require sequencing the entire gene, particularly since known DnaG sequences have homology only at the N-terminal 60% (22) . However, this may be another example of the wellknown plasticity and genetic rearrangements present on the H. pylori chromosome (1, 5, 9) . We compared H. pylori rpoD to other sequences in the database, using BLAST (GCG, Wisconsin Sequence Analysis Package). Since the N-terminal portion of bacterial sigma factors is not conserved (11), we performed the analysis using nucleotides 1786 to 2511, representing 242 amino acids in the conserved regions 2.1 to 4.2 (11) . The results showed that the percent amino acid identity between H. pylori RpoD and other bacterial homologs was greatest (57 to 59% identity) in relation to a group of gram-positive bacteria, including Staphylococcus aureus, Listeria monocytogenes, and Enterococcus faecalis. Analysis using the full-length gene was equivalent (data not shown).
The greater similarity of the H. pylori RpoD to 70 sequences from gram-positive bacteria than to those from gramnegative bacteria is unexpected based on evolutionary relatedness. To examine this issue more carefully, we performed a phylogenetic analysis using parsimony (PAUP) (18) . This analysis showed that H. pylori RpoD branches deeply within the gram-negative bacteria (Fig. 2) , as would be expected based on 16S rRNA sequences (16) . Phylogenetic analysis using distances (GROWTREES, GCG, Wisconsin Sequence Analysis Package) gave similar results (data not shown). However, there are highly unequal rates of divergence among the various lineages. In general, the rate of divergence among the gramnegative bacteria, particularly H. pylori, is significantly greater than the rate among the gram-positive bacteria (Fig. 2 ). The greater similarity of H. pylori RpoD to 70 sequences from gram-positive bacteria appears to result from these unequal rates of replacement, rather than from an unexpected evolutionary relatedness.
The relative rate of RpoD evolution among different bacteria is best demonstrated by the relative rate test (17) . In this test, the relative rate of replacement is calculated by comparison of the pairwise distance between each species under consideration and that of an outgroup, in our case the actinomycete Mycobacterium bovis. Table 1 shows the relative rate of RpoD divergence for H. pylori compared with that of five other gram-negative bacteria and the four slowly evolving gram-positive bacteria represented on the tree in Fig. 2 . Species names and accession numbers used in all comparisons are shown in Table 2 . The results show that the divergence of RpoD for the gram-negative bacteria is greater than that for the gram-positive bacteria and that H. pylori RpoD is evolving much more rapidly than RpoD in the other gram-negative bacteria. For comparison, the relative rate test for 16S rRNA using comparable species shows no appreciable differences among the gram-positive bacteria, gram-negative bacteria, and H. pylori ( Table 1 ), indicating that differences in mutation rates cannot account for differences in 70 divergence. In general, the relative rate test does not allow quantitative comparisons when rates are dissimilar but only addresses whether rates are the same or different. To give a quantitative comparison, we calculated the rate of amino acid replacement FIG. 2. Phylogenetic tree of RpoD sequences from H. pylori and other bacteria. The tree is a minimal replacement tree constructed using the program PAUP (18) . The distance tree (DISTANCES, GCG, Wisconsin Sequence Analysis Package) gave a similar result (data not shown). Branch length in the phylogram is directly proportional to the number of amino acid replacements, and the scale (in number of replacements) is shown on the abscissa. Species, designations, and accession numbers used to construct the tree are shown in Table 2. where we assumed that (i) the rates of evolution in the actinomycetes and gram-negative bacteria (excluding H. pylori) are equivalent and (ii) the actinomycetes, gram-negative bacteria, and gram-positive bacteria diverged 1.8 ϫ 10 9 years ago. This calculation suggests that the rate of amino acid replacement in RpoD among the gram-negative bacteria is about three times that among the gram-positive bacteria and that the rate for H. pylori is again significantly greater ( Table 1) .
The simplest explanation for this observation is that there is greater functional constraint on the rpoD gene in gram-positive bacteria than in gram-negative bacteria. Since proteins that interact with other proteins or polynucleotides are believed to coevolve with their partner, as has been observed with cytochrome c and cytochrome oxidase (2), this may imply that the promoters from gram-positive bacteria are more constrained than those from gram-negative bacteria. This is consistent with the observation that E. coli RNA polymerase is more promiscuous in its ability to transcribe from promoter-like sequences than is Bacillus subtilis RNA polymerase (8, 23) . That the H. pylori major sigma factor is so markedly divergent from that of other bacteria may be related to the genetic diversity of the H. pylori chromosome, which reflects both intragenic microdiversity and variability in gene order (1, 5, 9) . The failure to find consensus promoter sequences for some H. pylori genes (3, 14) suggests that this diversity also extends to H. pylori promoters, which may underlie the highly divergent character of H. pylori RpoD. Since most pathogens are clonal, the diversity in H. pylori is likely important in its ability to persistently infect the large majority of the human population.
An alternative explanation for these results is that the major factors compared in this study served a function, at least through part of their evolutionary history, as one of the minor factors. In other words, they may be parologous and not orthologous (19) . These minor factors, which are known to be highly diverged from the major factors (11), would have experienced different functional constraints. We think this is unlikely. Treating parologous proteins as if they were orthologous during phylogenetic analysis results not just in unequal rates of divergence but also in a tree topology that is highly incongruent vis a vis known species relationships. However, the topology shown in Fig. 2 is in general consistent with the known species relationships but differs primarily in that the branch lengths are unequal. 
monocytogenes).
Pairwise differences (number of differences divided by the total number compared for each pair) are shown for amino acids (RpoD) adjusted by the Kimura protein distance correction method and for nucleotides (16S rRNA) calculated using the Jukes and Cantor correction method. Numbers are mean distances Ϯ ranges except for H. pylori, which represents a single comparison. Pairwise comparisons are provided by the distances matrix from the aligned sequences (DISTANCES, GCG, Wisconsin Sequence Analysis Package). Species and accession numbers used in the analysis are shown in Table 2 . The same species was used for RpoD and 16S rRNA analyses except for Enterococcus and Legionella, for which sequences from identical species were not available.
b Amino acid substitutions per site-year (10 10 ). Since the rates of evolution leading to the actinomycetes and gram-negative bacteria (excluding H. pylori) are assumed to be the same, the rate equals 0.58/2 ϭ 0.29. The substitution rate is then calculated as divergence minus 0.29 divided by 1.8 ϫ 10 9 years. 
